Thermal hysteresis (TH), a difference between the melting and freezing points of a solution that is indicative of the presence of large-molecular-mass antifreezes (e.g., antifreeze proteins), has been described in animals, plants, bacteria, and fungi. Although all previously described TH-producing biomolecules are proteins, most thermal hysteresis factors (THFs) have not yet been structurally characterized, and none have been characterized from a freeze-tolerant animal. We isolated a highly active THF from the freeze-tolerant beetle, Upis ceramboides, by means of ice affinity. Amino acid chromatographic analysis, polyacrylamide gel electrophoresis, UV-Vis spectrophotometry, and NMR spectroscopy indicated that the THF contained little or no protein, yet it produced 3.7 ؎ 0.3°C of TH at 5 mg/ml, comparable to that of the most active insect antifreeze proteins. Compositional and structural analyses indicated that this antifreeze contains a ␤-mannopyranosyl-(134) ␤-xylopyranose backbone and a fatty acid component, although the lipid may not be covalently linked to the saccharide. Consistent with the proposed structure, treatment with endo-␤-(134)xylanase ablated TH activity. This xylomannan is the first TH-producing antifreeze isolated from a freeze-tolerant animal and the first in a new class of highly active THFs that contain little or no protein.
A ntifreeze proteins and glycoproteins (AF(G)Ps) were first identified in the blood of Antarctic fishes, in which they allow these fish to avoid freezing in ice-laden waters that are colder than the colligative melting point of their bodily fluids (1) . AF(G)Ps adsorb to the surface of ice and prevent water from joining the crystal lattice, thereby preventing freezing of a solution in the presence of ice until a new, lower (hysteretic) freezing point is reached (1, 2) . Thermal hysteresis (TH), defined as the difference between the colligative melting and hysteretic freezing points, is diagnostic for the presence of large-molecular-mass antifreezes such as AF(G)Ps).
Since their discovery, AF(G)Ps have been the subjects of active research, ranging from structural biochemistry (1) to ecological physiology (3) and applications in biotechnology (4) . This body of work has revealed the existence of five distinct structural classes of fish AF(G)Ps (5) and has demonstrated some unexpected functions of these proteins. In addition to producing TH, all AF(G)Ps appear to prevent the recrystallization of ice (6) , and certain fish AF(G)Ps may protect cell membranes from low-temperature-induced injury (7, 8) .
More recently, TH has been described in additional taxa, representing four kingdoms of life (1, 2, (9) (10) (11) . Structurally distinct AF(G)Ps have been isolated and characterized from plants, insects, collembola, fungi, and bacteria (6, (12) (13) (14) (15) , showing that diverse proteins with TH activity have evolved in distantly related cold-tolerant organisms. However, the majority of the responsible thermal hysteresis factors (THFs) have not been isolated or structurally characterized (i.e., chemical composition has not been determined). In insects, for instance, TH has been identified in more than 50 species (9) , but antifreeze protein (AFP) sequences have been published for only four of these (4) . Furthermore, TH has been observed in multiple species of freeze-tolerant insects (9, 16, 17) , namely, those able to survive extracellular freezing; however, none of the responsible THFs have been structurally characterized.
Although the structures of known THFs are extremely diverse and appear to have evolved independently multiple times even within closely related taxa (18) , proteins were the only biomolecules previously known to produce TH. The xylomannan described herein is the first THF isolated from a freeze-tolerant animal and the first containing little or no protein.
Results and Discussion

THF Isolated from U. ceramboides Is Highly Active and Contains Little
or No Protein. We investigated the THFs in adult darkling beetles, U. ceramboides, from interior Alaska because they tolerate freezing to Ϫ60°C in midwinter (19) and were reported to exhibit Ϸ0.4°C of TH in their hemolymph after cold acclimation (9) . We typically observed TH values Ͻ0.1°C and often detected only hexagonal ice crystal morphology in the hemolymph of cold-adapted insects, indicating the presence of a low concentration of THF and/or a low specific activity THF (6) . The sporadic presence of Ͼ0.5°C of TH in the hemolymph of U. ceramboides is consistent with observations on other freezetolerant arthropods (16, 20) .
To isolate the THF, we homogenized 40.3 g of cold-acclimated U. ceramboides and solubilized molecules of increasing membrane affinity in three successive extractions. THFs present in each extract (R1, soluble fraction; R2, first membraneassociated fraction; R3, second membrane-associated fraction) were separated from other solutes by ice affinity (21) . The isolated THFs in the R1, R2, and R3 fractions weighed Ϸ125 g, Ϸ100 g, and Ϸ60 g, respectively, and exhibited Ϸ3.7 Ϯ 0.3°C of TH at 5 mg/ml, a value comparable to that of the most active insect antifreeze proteins (12) .
THFs (2-5 g) from each extraction was analyzed by PAGE. The THFs migrated toward the anode on both native and denaturing gels (Fig. 1 C) but could not be visualized with Coomassie, silver, or SYPRO Ruby protein stains (Fig. 1) , even though the detection limits of the three assays are 2 to 3 orders of magnitude lower than the amount of THF applied to the gel (22) . These findings suggested that the isolated THF contained little or no protein. One faint protein band (Ϸ80 kDa) was detected in the R1 fraction ( Fig. 1 ), but no corresponding band was observed in R2, suggesting that an ''ice-active'' protein was present in the soluble fraction. Certain non-THF ice-active Author contributions: K.R.W., A.S.S., and J.G.D. designed research; K.R.W., T.S., and B.M.B. performed research; K.R.W., A.S.S., and J.G.D. analyzed data; and K.R.W. wrote the paper.
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This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: kwalter2@nd.edu. (23) and may be isolated by ice affinity (24) . Furthermore, membrane filtration (30,000 MW cut-off) concentrated the Ϸ80 kDa R1 protein in the retentate, whereas TH was observed only in the filtrate. Treatment of the isolated THF with Pronase had no effect on TH activity, further supporting the absence of a protein scaffold. Ancillary spectrophotometric characterization of the THFs also supports the absence of a significant protein component. Maximal UV absorbance of the THF occurred below 200 nm (Fig. 2) ; maximal absorbance is expected at 205-220 nm for peptide bonds. In addition, there was no absorbance peak near 280 nm, suggesting the absence of aromatic amino acids.
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1 H NMR spectra also lacked any major signals that supported the presence of protein, as all major signals appeared to arise from saccharide and lipid constituents (Fig. 3) (Fig. 4) indicate the presence of a saturated fatty acid. 2D 1 H-1 H total correlation spectroscopy (TOCSY) data showed that the putative fatty acid signals in R1 arise from a single spin system (Fig. 4) . The 1 H NMR spectrum of R2 contained two additional broad signals, observed at 5.5 ppm (-HC ϭ CH-) and 2.2 ppm (-H 2 C-HC ϭ CH-CH 2 -), suggesting the presence of unsaturated fatty acid in this sample (25) .
There were notable quantitative differences between the spectra. 1 H NMR spectra of the membrane-extracted fractions, R2 and R3, contained considerably more intense lipid signals than did that of the soluble R1 fraction (Fig. 3) , indicating a greater fatty acid component in R2 and R3, which suggests that the fatty acid component may anchor the THF to the cell membrane. However, the mode of lipid linkage to the saccharide has not been established, and it remains possible that the lipid is not covalently linked to the saccharide constituent.
Methanolysis of R1 followed by tandem GC/MS analysis of derivatized monosaccharides showed that the two predominant monosaccharides in the R1 sample were mannose (Man) and xylose (Xyl). These results are consistent with the characteristics of the anomeric 1 H signals observed in the 1 H NMR spectrum based on signal intensities and splittings (Fig. 3) . The Ϸ1.3:1 Man:Xyl molar ratio determined by integration of the anomeric Lane assignments: 1, low molecular weight standards; 2, blank (loading dye only); 3, ice purified R1; 4, ice purified R2. Ice-purified R1 and R2 were applied to two additional lanes (lanes 5 and 6, respectively), which were excised from the gel. Each lane was divided into four segments and the THF was eluted in distilled water overnight. After dialysis, the sample was concentrated and TH was measured. TH values (°C) are shown for lanes 5 and 6 for each gel fragment. proton signals was nearly identical to that determined by GC/MS composition analysis. Data obtained from matrix-assisted laserdesorption ionization (MALDI) mass spectrometry were consistent with a xylomannan structure, given that oligomers that varied by the mass of aldopentose and aldohexose monomers were observed (Fig. 5) . The observation that the predominant hexose (Man) and pentose (Xyl) series share a common ion at 1618.23 m/z indicated that Man and Xyl comprise a core repeating structure.
The average molecular weight of the THF has not yet been established, but is bounded by the results of MALDI (1,000-2,400 Da) and centrifugal filtration experiments (Ͻ30 kDa). MALDI can substantially underestimate the molecular weight of polysaccharides because oligosaccharides suppress the ionization and desorption of larger saccharides (26) . Thus, the MALDI data may represent oligomers resulting from the degradation of the THF during storage.
THF Contains a ␤-Mannopyranose-(134) ␤-Xylopyranose Backbone.
We assigned the saccharide 1 H NMR signals for R1 using a combination of double quantum filtered correlation spectroscopy (DQF-COSY), TOCSY, heteronuclear single quantum coherence (HSQC), and HSQC-TOCSY 2D NMR methods (Fig. 6) .
1 H and 13 C chemical shift assignments were consistent with those reported previously for Man and Xyl aldopyranosides when chemical shift patterns and signal multiplicities were taken into account ( Table 2) . The 1 H chemical shifts of H3 and H4 of Man were nearly identical, however, leading to the possibility that the 1 H signal assignments, and 13 C assignments derived from HSQC, might be reversed. The implications of this uncertainty are discussed below.
NMR analysis indicated that the Man and Xyl monosaccharide constituents are in the pyranosyl ring form (see preceding paragraph) and that both are predominantly in the ␤-configuration. 1 H-1 H spin-coupling constants involving the anomeric (H1) proton were used to assign anomeric configuration. The value of 3 J H1,H2 (7.8 Hz) in the xylopyranose (Xylp) constituent was virtually identical to that reported in methyl ␤-D-xylopyranoside (27) . The anomeric configuration of the Xylp residues was also confirmed with endo ␤-(134)xylosidase treatment, which reduced the TH activity of a R1 sample from 0.6 Ϯ 0.1°C (ϮSD) to zero within 1 h of treatment at 22°C.
In authentic methyl D-mannopyranosides, 3 J H1,H2 for the ␣ and ␤ anomers are 1.8 and 0.9 Hz, respectively (27) . This coupling in the R1 THF was obscured by line broadening (Ϸ3 Hz); when resolution enhancement was applied, the mannopyranose (Manp) H1 signal still appeared nearly symmetric and unsplit, suggesting a 3 J H1,H2 coupling Ͻ1 Hz, indicative of a ␤-configuration. To gain more information on the Manp anomeric configuration, we measured the one-bond 1 J C1,H1 coupling, which is very sensitive to anomeric configuration in Manp structures (27) . The observed value of Ϸ160 Hz supported a ␤-configuration (27); however, broad signals and relatively poor signal/noise observed in the proton-coupled 13 C NMR spectrum led to uncertainty (Ϯ 10 Hz) in this measurement, allowing for a slight possibility that the Manp ring is in the ␣-configuration. 13 C and 1 H chemical shifts (ppm) and 1 H-1 H spin-couplings for lipid signals in R1  compared with those observed for a glycolipid isolated uents, the C4 chemical shifts were displaced downfield by 7-10 ppm relative to unsubstituted methyl pyranosides ( Table 2 ), indicating that both saccharides are involved predominantly in ␤-(134) linkages (Fig. 7) . However, the saccharide sequence has not been established and may not strictly alternate between Manp and Xylp. For instance, there may be several tandem Manp residues followed by a series of Xylp residues. In addition, branching may also occur. The above-noted uncertainty in the assignment of the Manp H3 and H4 signals allows for the small possibility that Man may be involved in ␤-(133) linkages. Interestingly, treatment of the THF with endo ␤-(134)mannosidase did not affect TH activity. Although the physiological role of THFs in freeze-tolerance is not well understood, THFs do appear to promote cold tolerance. Recrystallization inhibition and/or TH activity are known to increase in response to low temperature in freeze-tolerant insects (16, 17) , other arthropods (20) and plants (6) . For the centipede, Lithobius forficatus, experiments showed that THFs (i.e., AFPs) significantly increased cell survivorship under freezing conditions (29) , although the mechanism remains unclear.
THFs are potent inhibitors of recrystallization; thus, one potential function is the prevention of damage associated with the recrystallization of extracellular ice. The observation that THFs were associated with the cell membrane in the centipede (29) , as also appears to be the case for THFs from U. ceramboides, suggests that these molecules may prevent the spread of extracellular ice into the cytosol (intracellular freezing is typically thought to be lethal) and/or stabilize the plasma membrane at low temperature.
This study shows that a (lipo)xylomannan isolated from U. ceramboides is a highly active THF that is structurally distinct from all known AFPs and antifreeze glycoprotein (AFGPs) reported to date. In contrast to known AFGPs, which comprise 39% peptide by mass (1), THFs isolated from U. ceramboides contain little to no protein. In addition, the ␤-Manp-(134) ␤-Xylp backbone (Fig. 7) is unrelated to the saccharide component of fish AFGPs, which consists of ␤-D-galactosyl-(133)-␣-N-acetyl-D-galactosamine disaccharides (30) . This ••• xylomannan antifreeze may contribute to freeze tolerance by preventing recrystallization of extracellular ice, preventing intracellular freezing and/or stabilizing cellular membranes at low temperature. 
Materials and Methods
Acclimation. U. ceramboides were cold acclimated in darkness to the following schedule: 0°C, 3 weeks; Ϫ1°C, 5 days; Ϫ2°C, 5 days; Ϫ3°C, 7 days; Ϫ4°C, 10 days; Ϫ5°C, 10 days; Ϫ6°C, 5 days; Ϫ7°C, 5 days; and Ϫ8°C, 2 weeks.
THF Extraction and Isolation. THFs were extracted from beetle whole bodies using a Bio-Rad ReadyPrep sequential extraction kit. The three buffer system permits the solubilization of increasingly hydrophobic biomolecules associated with plasma membrane (31). Extraction 1 and both washes were retained for ice affinity purification. Extractions 2 and 3 (tributyl phosphine omitted) and the corresponding washes were dialyzed (3,500 MW cut-off) against distilled water for 24 h. The osmolality of each sample was adjusted to Ϸ200 mOsm with glycerol before ice affinity purification. THFs selectively adsorb to ice and are incorporated into growing ice crystals, whereas other solutes are excluded. Thus, successive rounds of freezing permit the purification of THFs to homogeneity (21) . The extractions and washes were aliquotted into 50-ml centrifuge tubes and placed in an alcohol bath set to Ϫ3.6°C. Ice formation was initiated at the bottom of the tube with Fisherbrand spray freeze. After freezing overnight, the bottom 2.5 mm of each tube were excised with a razor blade and the unfrozen portion removed by centrifuging the tube at 2,000 rpm for 1 minute at 4°C. The frozen fraction (Ͼ90%) was transferred to a new 50-ml centrifuge tube and thawed. The osmolality was readjusted to Ϸ200 mOsm with glycerol and the sample was subjected to eight additional freeze-thaw cycles. On the ninth and final cycle, no glycerol was added to the sample, but the bath temperature was increased to Ϫ1.3°C to remove residual glycerol from the sample. After the final cycle, the sample was dialyzed against distilled water for 48 h, lyophilized, and reconstituted in 20 -50 l of MilliQ water.
Membrane Filtration. The R1 fraction was filtered through a Microcon Centrifugal filter device (Millipore; 30,000 MW cut-off) at 5,000 g for Ϸ20 min. Before application of the sample to the filter cup, the filtration membrane was rinsed twice with distilled water. After the initial filtration, the retentate was rinsed twice, each time with 200 l of distilled water. All filtrate fractions were consolidated, lyophilized, and reconstituted before measurement of TH activity and subsequent NMR analysis. The retentate was resuspended in 20 l of distilled water to permit both the measurement of TH activity and analysis by polyacrylamide gel electrophoresis.
Thermal Hysteresis Measurements. TH was measured using a Clifton Nanoliter Osmometer (16) . NMR Spectroscopy. Lyophilized THF samples (R1 was filtered through 30,000 MWCO filter) were dissolved in 200 l of 2 H2O containing Ϸ20 mM sodium phosphate buffer, pH 7.5, and placed into a 5-mm symmetrical Shigemi NMR microtube susceptibility-matched to 2 H 2 O. Initial 1D 1 H NMR spectra were obtained on a Varian UNITYPlus 600 MHz FT-NMR spectrometer. Data acquisition parameters were as follows: 1,000 transients; 3 s recycle time; 313.15 K; Ϫ4 to 12 ppm spectral window. A line broadening function (0.2 Hz) was applied to free induction decays before Fourier transformation, yielding a final digital resolution of 0.07 Hz/pt. Spectra were referenced internally to the residual HOD signal (4,800 ppm).
Subsequent 1D and 2D spectra were obtained from the R1 sample (prepared as described above) on a Bruker Avance 800 MHz NMR spectrometer equipped with a 5-mm cryoprobe. The data acquisition parameters for 1D 1 H spectra were as follows: 80 transients; 3 s recycle time; 298.15 K or 313.15 K; spectral width 9615 Hz; digital resolution, 0.29 Hz/pt.
All two-dimensional NMR spectra were acquired in a phase-sensitive mode using the time proportional phase incrementation (32) for quadrature detection in the t1 dimension. TOCSY spectra were collected using isotropic mixing of times of 31 and 80.5 ms at 298.15 K. DFQ-COSY spectra were also collected at 298.15 K. The data size for these spectra were 2048 (t2) ϫ 512 (t1). For all 2D spectra, data processing was performed on Bruker Biospin software and phase-shifted sine-squared window functions were applied before Fourier transformation. For TOCSY and DFQ-COSY spectra, final matrix sizes were 2048 ϫ 2048 real points with a final digital resolution of 4.7 Hz/pt in both F1 and F2. HSQC and HSQC-TOCSY spectra were collected at 313.15 K. Data size for HSQC and HSQC-TOCSY spectra were 2048 (t2) ϫ 256 (t1) and spectral widths were 22 kHz in the 13 C dimension and 9,600 Hz in the 1 H dimension. For the HSQC spectrum, the final matrix size was 2,048 ϫ 1,024 real points with a final digital resolution of 10.8 Hz/pt and 4.7 Hz/pt for F1 and F2, respectively. For the HSQC-TOCSY spectrum, the final matrix size was 2048 ϫ 512 real points, with a final digital resolution of 43 Hz/pt and 4.7 Hz/pt for F1 and F2, respectively.
13 C{ 1 H}NMR spectra were also obtained on the Bruker 800 MHz spectrometer (200 MHz 13 C). The data acquisition parameters were as follows: 32,000 transients; 3 s recycle time; 313.15 K; 48,076 Hz spectral window. A line broadening function (3 Hz) was applied to free induction decays before Fourier transformation, yielding a final digital resolution of 0.73 Hz/pt. Conditions for obtaining the 1 H-coupled 13 C NMR spectrum were identical to those described above, with the exceptions that broadband 1 H-decoupling was not used during data acquisition and 56,000 transients were collected.
Amino Acid Chromatographic Analysis. A 20-g quantity of isolated THF from U. ceramboides and an ice-purified blank (Tris buffer subjected to ice-affinity process) were sent to Texas A&M Protein Chemistry Laboratory for amino acid analysis. Four different samples were run for this assay: the ice-purified THF sample, the ice-purified blank, the assay blank, and human serum albumin as a control. Two internal standards norvaline (for primary amino acids) and sarcosine (for secondary amino acids) were added at the beginning of the assay to all samples to control for errors due to sample loss, injection variations and variability in preparing dilutions.
Each sample was mixed with the internal standards, divided into two aliquots and dried in glass tubes in a vacuum concentrator before vapor phase hydrolysis by 6N HCl at 150°C for 1.5 h under an argon atmosphere. The samples were subsequently reconstituted in 0.4 N borate buffer to bring the pH to 10 for optimum derivitization and transferred to the AminoQuant autosampler for automated derivatization and loading. Amino acid analysis was performed using a HP AminoQuant II system. The system consists of an HP 1090 liquid chromatograph with an Hewlett-Packard Chemstation equipped with software that controls the LC and collects, analyzes and reports the data.
Sugar Composition Analysis. Sugar composition analysis was performed at the Complex Carbohydrate Research Center at the University of Georgia by combined gas chromatography/mass spectrometry (GC/MS) of the per-Otrimethylsilyl (TMS) derivatives of the monosaccharide methyl glycosides produced from the sample by acidic methanolysis (33, 34) . Methyl glycosides were prepared from the isolated THF by methanolysis in 1 M HCl in methanol at 80°C (18 -22 h), followed by re-N-acetylation with pyridine and acetic anhydride in methanol (for detection of amino sugars). A 20-g quantity of inositol were added to the sample as an internal standard. The samples were then per-O-trimethylsilylated by treatment with Tri-Sil (Pierce) at 80°C (0.5 h). GC/MS analysis of the TMS methyl glycosides was performed on an HP 6890 GC interfaced to a 5975b MSD, using an Alltech EC-1 fused silica capillary column (30 m ϫ 0.25 mm ID).
Enzymatic Hydrolysis Reactions.
For each of the following enzymatic treatments, 1 l of THF solution (1-4 mg/ml) was diluted 1:1 with Pronase stock solution.
Pronase stock solution consisted of 2 mg/ml Pronase (a broad-spectrum protease) in Tris buffer, pH 7.5, containing 10 mM CaCl2. The reaction mixture was covered with mineral oil and incubated overnight at 37-40°C. A 1:100 dilution of hemolymph from cold acclimatized Dendroides canadensis, an AFPproducing beetle, was used as a positive control for the Pronase treatment.
B. Endo ␤-(134) xylanase stock solution consisted of 2 mg/ml xylanase in 50 mM sodium citrate buffer, pH 5.0. The reaction mixture was held at 22°C for 1 h.
C. Endo ␤-(134) mannanase stock solution consisted of 1:10 dilution of ammonium sulfate enzyme suspension in 100 mM Mops, pH 7.0. Alternatively, the stock solution was prepared by dialysing the enzyme suspension overnight at 4°C against 100 mM Mops, pH 7.0. The reaction mixture was covered with mineral oil and incubated overnight at 37°C.
For the negative control in each of these treatments, the enzyme was omitted from the enzyme buffer added to the THF sample. The TH of all samples was measured immediately after addition of the enzyme and again after incubation. MALDI-TOF Mass Spectrometry. The R1 sample was analyzed on a Bruker Autoflex III MALDI-TOF/TOF mass spectrometer in the negative polarity/ reflector mode (detection range: 0 -5,000 m/z with deflection up to 500 m/z). A 1-l quantity of diluted sample (Ϸ4 g/ml) was added to 1 l of saturated 2,5-dihydroxybenzoic acid in 50/50 (v/v) acetonitrile/water.
